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To»*  report  describe*  an  investigation  of  torsional  tstfuls*  in  rocket -assisted 
projectile*  due  to.  ’’free  run.**  A  combined  analytical  and  eaperiaental  program 
oae  parried  out  to  quantify  the  phenomenon.  The  basic  factor  waa  the  presence 
| of  "free  run"  which  is  characterised  by  positive  forward  mot  ion  of  a  projectile 
befor*.  r«  at  (ting  ill*  of  gun -tube  rifling,  Thi#  factor  ports  its  the 

projectile  to  rearch  an  appreciable  forward  velocity  before  the  rot  at  tag  band 
becomes  effective  and  atarta  the  rotational  acceleration. 


Of)  /■«,  ten  sa*«u wm>  •  w*v*stscaaouitt 


ucamiv  cas«S«e»csT 


UNCLASSIFIED _ 

lacuwTT'a.AttjriOTWw  of  rmt  t»AgfcfWM»  p*»«  »m<wo 

Experiments  were  also  conducted  by  Sandla  laboratories-Livereore  with  in¬ 
strumentation  installed  In  the  rocket  motor  section. 

The  results  indicate  that  the  amplitude  of  the  angular  acceleration  pulse  due 
to  free  run  was  greater  in  tubes  with  more  veer.  The  acceleration  pulse  was 
higher  at  the  nose  than  at  the  rear  of  the  project  il«»  and  the  magnitude  of  the 
acceleration  pulse  in  worn  tubes  was  a«s  great  as  and  in  some  cases  (8  inch) 
greater  than  the  predicted  angular  acceleration  at  peak  pressure. 

test  results  at  ARRADCON  and  Sandia  were  in  qualitative  agreement.  The  point 
where  the  angular  acceleration  pulse  occurs  seems  to  correlate  with  the  posi¬ 
tion  of  travel  where  a  sufficient  amount  of  rotating  band  material  has  been 
formed  (swaged)  in  the  gun  tube  rifling. 
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FOREWORD 


the  quantitative  data  should  not  be  treated  as  precise  or  as 
the  result  of  nuaerous,  repeated  tests  of  an  exhaustive  type.  The 
nature  of  the  Instrumentation  problem  and  the  urgency  with  which 
the  miaerlcal  data  were  required  prevented  the  «<.  runulation  of 
precise  data.  The  report  Is  based  instead  on  unprecedented  experi¬ 
ments  limited  In  number  by  time  schedule  and  cost. 
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INTRODUCTION 


During  the  development  tea?  I”;*  of  an  s-losh  rocket  -assisted 
projectile  In  December  1976,  a  Malfunction  occurred  which  caused 
the  first  few  rounds  of  the  scheduled  firings  to  full  short  of 
predicted  range.  Fuat  nation  of  the  recovered  projectile  showed 
that  a  structural  failure  had  occurred  and  that  the  rocket  motor 
had  rotated  In  a  clockwise  (tightening)  direction.  This  motor  body 
rotation  sheared  the  threads  of  the  joint  at  the  bulkhead  and  se¬ 
vered  the  telemetry  (TH)  cable,  causing  a  loose  joint  and  TH  signal 
failure.  loose  joint  affected  the  normal  projectile  flight 

profile  such  that  the  range  attained  uas  %  km  short  of  the  require¬ 
ment.  Further  Inspection  of  the  hardware  showed  the  motor  bulkhead 
lolnt  surfaces  to  be  contaminated  with  a  greasy  substance  (thread 
sealant  and  silicone  compound)  (ref  1). 

firing  retorts,  showed  that  after  final  ramming  «ud  seating 
Into  the  forcing  cone  of  the  gun  tube,  the  projectile  still  had  an 
axial  travel  (free  run)  of  approximately  2^  am  (I  In.)  before  the 
rotating  Hand  engaged  the  origin  of  rifling.  It  was  concluded  that 
axial  acceleration  of  the  projectile,  interrupted  momentarily  by 
sudden  rotating  hand/tube  rifling  engagement,  caused  *  torsional 
impulse  which  was  transmitted  through  the  bulkhead  joint  and  there¬ 
by  created  an  abnormally  high  torsional  load  on  the  threaded 
Joint.  This  high  load  at  a  time  of  relatively  low  axial  setback 
force  on  the  face  of  the  joint,  overtaxed  thu  available  coefficient 
of  friction,  allowed  relative  motion  and  the  eventual  failure  of 
the  thread.  A  special  teat  projectile  was  prepared  to  duplicate 
these  conditions.  The  results  of  the  firing  are  shown  in  figure  i. 

Am  a  result  of  this  malfunction  and  in  view  of  the  possibility 
of  a  potentially  greater  ftw  run  because  of  dimensional  toler¬ 
ances,  yea?  to  *.U  gun  etc.,  an  exhaustive  investigation  of 

torsional  Impulse  in  gun  launched  pro  jeer i lea  was  undertaken. 
Thea-e  efforts  entailed  analytical  modeling  #fwl  *  specimen*  a  l  verifi¬ 
cation  and  were  conduct?**  by  both  the  targe  Caliber  Wap  on  Systems 
Laboratory  (ARRADCOH)  and  the  Ssndla  Lab&ra*orl*»*  Livermore  (SLL). 

The  purpose  of  three  Investigations  was  to  characterUe  the 
tn-bore  environment  when  the  projectile  was  subjected  to  free  run 
to  the  gun  tube.  The  effect  of  this  condition  was  particularly 
important  in  nuclear  projectiles  since  they  Involve  more  complex 
wmihead*  which  my  be  adversely  affected  by  these  unwanted  dynamic 
load  condition*.  both  8-tmch  and  iSS-sss  projectile*  were  ana¬ 
lysed.  The  Investigation  included  analytical  modeling  which  us*d 
the  Supar  Sceptre  computer  program  and  experimental  testing  which 
used  modified  KH6S0  and  XH5C9  projectiles,  respectively. 
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The  experiments  were  conducted  with  the  use  of  i  wlre-ln-hore 
technique.  This  procedure  provides  hard  wire  comaunlcat Ion  between 
the  instruments  on  board  the  projectile  and  the  recorder  In  the 
ground  station.  This  report  1«  concerned  primarily  with  the  anal¬ 
ysis  of  the  experimental  data  and  It  documents  procedures  to  derive 
the  uxlwa  amount  of  Information  fro*  the  tests.  Testing  of  this 
type  Is  necessarily  difficult  since  the  instrumental  1  on  is  subject¬ 
ed  to  the  high  setback  forces  along  the  axis  of  the  projectile  and 
the  estreat  lateral  forces  Jue  to  balloting,  etc.,  while  at  the 
same  time  -sensing  the  angular  motion  about  the  projectile  axis. 
Therefore,  the  recorded  signals  wight  well  contain  fsjrh  extraneous 
Inforrsation. 

Sandis  La  burst  or i es  used  a  telemetrv  package  for  data  *fsn»- 
« i « s i 0*1  rather  than  tV  wlre-in-bore  technique  used  at  AR8 WO'H . 
The  result*  of  Sand  (a*  si  investigation  roapiemeot  the  work  reported 
at  WiiBCdi  and  present  a  useful  cross-check  of  the  nature  and 
magnitude  of  the  torsional  impulse  phenomenon.  Quantitative  re¬ 
sults  f ru*  the  two  investigations  are  <n  reasonable  agreement. 

SimiUTldN 

after  the  failure  of  the  ii-fneh  projectile,  efforts  were 
started  to  quantify  the  magnitude  of  the  loads  dee  to  a  free  run 
condition.  A  computer  itautat  i«i  «f  the  8*1  nth  ilHlM  projectile 
vt»  made  with  the  use  nf  the  Super  Sceptre  technique  fret  2). 
S»(wt  $e«ptv*  is  a  program  for  the  analysis-  of  electric#!,  mechani¬ 
cal,  digital  and  control  sv# terns-  <r«f  1),  for  application  of  this 
technique,  tbs#  dynamic  »y«t«*  is  brnfeen  up  Into  a  group  of  einir* 
alent  aws-ses,  springs,  forcing  elements,  etc.  The  K-incH  prujec- 
tUf  was  divided  Into  several  section*  (fig.  2). 

Thy  cket  motor  *s  described  by  a  »a»ent  of  inertia,  H,  a 
spring  constant ,  Kl,  *  r-.-tat  tonal  velocity,  l‘h,  corresponding  to 
the  twist  of  the  rifling,  and  a  rotational  velocity,  t’J,  corre¬ 
sponding  to  the  a*’CfjL*l  rotating  band  speed.  The  warhead  Is  de¬ 
scribed  by  three  momenta  of  inert **4,  >4,  lb  and  J’i,  Int-etfonnected 
by  resilient  stember*  having  airing  constants  R?  and  VU  respective¬ 
ly.  The  tatpUag  of  the  spring,  Si ,  to  the  inertial  element,  la, 
is  at  the  joint  which  is  the  subject  of  this  investigation.  Tbl* 
model  Is  also  used  for  the  projectile  used  In  the  teat  program,  the 
to  this  case  Jb  and  IO  ate  eliminated  and  the  equivalent 
moment  of  inertia  Is  included  in  J4  and  IS. 

The  eosepyitet  ptogfa*  simulates  the  dynamic  conditions  which 
occur  In  the  gun  tube.  The  projectile  lx  JcCed  upon  by*  the  base 
pressure,  W  (fig.  2>  which  Is  the  affective  pressure  cm  t?w  bate 
which  Is  available  for  acceleration.  (This  Is  In  agreement  with 
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the  definition  given  in  reference  4).  The  Super  Sceptre  program 
calculates  axial  acceleration,  velocity,  and  displacement  as  a 
function  of  time.  The  rotational  energy  in  the  projectile  is  as¬ 
sumed  negligible  with  respect  to  the  translational  "  energy  and 
therefore  is  not  calculated.  This  difference  is  about  12. 

As  the  projectile  moves  forward,  it  encounters  the  rifling  at 
the  end  of  the  free  run.  At  this  time,  the  rotation  of  the  projec¬ 
tile  starts  and  the  computer  begins  to  consider  it  as  a  rotating 
body.  In  this  analysis  the  rotational  dynamics  are  coordinated 
with  translation  but  the  computations  are  done  separately,  as  if  on 
a  separate  body.  The  computer  simulation  is  described  in  more 
detail  in  reference  2. 


THREADED  JOINT 

A  mathematical  model  of  the  8-inch  threaded  motor  joint  com¬ 
prised  of  both  the  knurled  annular  end  faces  and  the  weakest  of  the 
two  threads;  i.e. ,  the  male  bulkhead  thread,  is  included  in  the 
computer  program.  The  buttress  thread  is  modeled  as  a  jackscrew; 
frictional  effects  are  included  at  the  thread  as  well  as  at  the 
knurled  faces.  The  model  calculates  the  bearing  stress  at  the 
faces  of  the  knurls  and  of  the  thread,  the  average  and  maximum 
shear  stresses  at  the  root  of  the  thread,  and  the  bending  stress  at 
the  root  of  the  thread.  The  coefficient  of  friction  can  be  varied 
as  one  of  the  parameters.  In  addition,  the  friction  required  for 
no  slip  at  the  knurled  faces  is  computed.  .The  percentage  of  ef¬ 
fective  threads  and  effective  bearing  areas  at  the  faces  of  the 
knurl  can  also  be  varied. 

A  sketch  of  the  thread  is  shown  in  figure  3.  The  force  trans¬ 
mitted  at  the  knurled  face  is  Fj,  and  the  shearing  force  on  the 
thread  is  F2.  The  force  due  to  base  chamber  pressure  is  transmit¬ 
ted  through  the  rocket  motor  body  and  is  designated  by  F3.  Before 
firing,  F3  is  zero  and  Fj*  F2»  At  this  point  the  forces  are  the 
result  of  the  initial  torque  at  assembly.  During  firing  F3  *  M^X 
where  is  the  mass  of  the  warhead;  that  is,  everything  forward 
of  the  joint.  The  force  equation  then  is  F3  -  Fj  -  F2.  This  ex¬ 
pression  and  the  formula  for  a  jackscrew  are  used  to  calculate  the 
stresses  at  several  critical  areas  in  the  joint.  A  detailed  de¬ 
scription  of  the  threaded  joint  is  given  in  reference  2.  Typical 
results  of  the  computer  simulation  are  given  in  figures  4  through 
8. 


The  torsional  impulse  which  occurs  at  the  joint  with  a  free 
run  of  25.4  mm  (1  in.)  is  shown  in  figure  4.  It  is  apparent  that 
the  peal:  value  is  greater  than  the  usual  maximum  which  occurs  at 
peak  chamber  pressure.  Its  effect  is  accentuated  because  it  occurs 
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when  the  sethack  force  and  therefore  the  torque  transmitted  by 
friction  at  the  knurled  face,  are  small.  Figure  5  shows  the  In¬ 
stantaneous  coefficient  of  friction  which  Is  necessary  to  prevent 
tightening  cf  the  joint  under  these  conditions.  The  peak  value  le 
0.3  which  sight  not  be  satisfied  if  the  knurl  is  imperfect  and/or 
the  joint  is  contaminated  with  a  foreign  material  which  may  act  as 
a  lubricant. 

For  an  assumed  coefficient  of  friction  of  0.1,  figure  6  illus¬ 
trates  slippage  at  the  knurled  faces  which  allows  the  joint  to 
tighten  thereby  increasing  the  stress  in  the  threads.  The  free  run 
is  25.4  tat  (1  in.)  and  the  effective  engagement  of  the  thread  is 
assumed  to  be  1005.  For  a  thread  which  is  less  Han  perfect,  there 
is  a  potential  failure  problem.  Figure  7  shows  this  result  for  a 
coefficient  of  friction  of  0.1  and  large  and  small  free  runs,  re¬ 
spectively.  It  Is  apparent  that  a  thread  which  is  80X  perfect  Is 
marginal  with  Large  free  tun  but  safe  with  small  free  run.  The 
margin  of  safety  with  Imperfect  threads  la  considerably  increased 
when  free  run  Is  not  present. 

Finally,  the  computer  results  were  compared  with  the  averaged 
experimental  results  for  a  free  run  of  25. A  mm  (1  in.)  (fig.  8). 
Tangential  acceleration  at  the  Installed  adius  of  the  sensors 
are  plotted  versus  the  dlstnnce  travell.J  by  the  projectile.  The 
results  correlate  well  as  far  as  peek  amplitude  is  concerned  but 
differ  in  the  width  of  the  pulse. 

EXPB81HKWTAL  PROGRAMS 


Test  Serler 

8-Inch  Projectiles 

Two  series  of  tests  were  conducted  In  a  modified  XK650 
project  tie  to  quantify  the  torsional  impulse  in  th*  8-inch  family 
of  projectiles.  In  the  first  set,  one  axial  and  two  tangential 
accelerometers  were  mounted  in  a  special  fixture  at  the  front  of 
the  projectile  (fig.  9).  Thia  fixture  matched  the  weight  of  the 
forward  material  it  replaced.  Ten  rounds  were  fired  in  this  manner 
at  Yuma  Proving  Ground. 

The  propelling  charge  was  the  M188E1 ,  rone  9,  conditioned 
at  63  C  (145  F).  The  X^Ol  tubes  were  used,  tube  no.  14  with  a  635 
remaining  life  and  tube  no.  27  with  a  55  remaining  life.  Two  rota¬ 
ting  bauds  were  evaluated  in  each  tube.  The  first  was  the  standard 
band  at  that  time  (January  1977)  on  the  conventional  8-inch  RAP 
round  and  the  second  was  a  cut -down  version  which  permitted  hand 
seating  within  2.3  am  vO.C9  in.)  of  the  origin  of  rifling.  A  com- 
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parison  of  the  rotating  band  details  Is  pictured  in  figure  iC. 
Typical  results  with  the  standard  band  and  the  cut  band  are  shown 
In  figures  il  and  12,  respectively. 

Analysing  the  test  results  was  difficult  because  of  severe 
high  frequency  oscillations.  It  was  not  evident  at  this  point 
whether  or  not  these  frequencies  were  true  indications  of  the  dy¬ 
namic  notion  of  the  projectile.  It  was  evident,  however,  that 

there  was  a  higher  peak  in  initial  acceleration  of  the  projectiles 
with  the  hand  which  permitted  sore  free  run.  Test  results  after 
smoothing  and  averaging  are  shown  in  figure  13.  Here  the  results 
are  shown  in  nondimetislonal  form  by  plotting  the  retlo  of  the  tan¬ 
gential  to  axial  accelerations  versus  distance  travelled. 

In  the  second  set  of  teats,  accelerometers  were  installed 
both  at  the  front  of  the  projectile  and  at  the  rear  (fig.  14). 
Again  the  weight  was  distributed  to  match  the  mass  properties  of 

the  conventional  round.  Eleven  projectiles  were  *ired  at  Y*wa 

Proving  Grounds  in  three  different  tubes  in  August  1973. 

The  propelling  charge  was  the  H18SEI,  rone  9,  conditioned 
at  57  C  (135  F).  Three  XM201E1  tubes  were  used  to  provide  tests 
under  new,  used  and  wow  oat  condition*.  Tube  no.  28  after  800 
rounds  represented  the  new  tube;  tube  no.  8288  after  880  rounds, 
tie  used  or  mid-life  tubs;  and  tube  no.  23  after  1460  rounds,  the 
wt  srn  tube.  In  these  tests  all  rotat  i  ng  bands  were  of  the  new,  cut¬ 
back  design  which  theoret tally  parasite  only-  23  mm  (0.09  in.)  of 
travel  in  a  new  tube  before  engagement  with  the  rifling. 


Analysis  of  these  tests  revealed  that: 

1.  The  amplitude  of  the  angular  acceleration  pulse  was 
greater  in  tubes  with  more  wear. 

2.  The  acceleration  pulse  was  higher  at  the  front  than 
at  the  roar  of  the  projectile. 

3.  The  magnitude  of  the  acceleration  pulse  in  worn 
tubes  was  greater  than  the  predicted  angular  acceleration  et  peak 
pressure. 

An  example  of  the  results  of  this  testing  is  shown  in 
figure  18,  Mere  the  ratio  of  the  peripheral  to  airiei  accelerations 
ia  plotted  versus  axial  travel  of  the  projectile.  As  travel  in¬ 
creases,  the  graph  approaches  the  theoretical  value  of  *  /20  or 
0.157  for  full  engraving.  If  all  instrument*  ware  perfect  and 


there  were  no  other  errors,  the  graphs  would  approach  the  theoret¬ 
ical  value.  The  axial  travel  is  used  as  the  abscissa  because  of 
the  significance  in  this  investigation  of  axial  motion  relative  to 
engagement  by  the  rotating  band  in  the  rifling.  A  comparison  of 
graphs  plotted  against  time  and  travel  is  shown  in  figures  16  and 
17.  A  plot  of  axial  acceleration  is  shown  in  figure  18. 

Tangential  acceleration  at  the  skin  of  the  projectile 
plotted  as  a  function  of  time,  is  shown  in  figure  16.  It  indicates 
that  relatively  little  acceleration  is  present  for  half  of  the 
total  time  and  this  is  followed  by  large  oscillatory  signals. 
Figure  17  shows  the  same  variable  plotted  against  the  distance 
travelled  by  the  projectile.  The  major  oscillatory  signals  are 
present  over  most  of  the  graph  and  only  small  oscillations  occur 
over  the  first  40  mm  (1.6  in.)  of  travel.  Actually  it  seems  evi¬ 
dent  that  some  of  the  initial  oscillations  are  due  to  lateral  mo¬ 
tion  during  the  time  that  the  rotating  band  is  undergoing  the  ini¬ 
tial  swaging  or  engraving  process  and  before  any  appreciable  rota¬ 
tional  motion  occurs.  It  Is  important  to  discern  the  beginning  of 
rotational  motion  as  a  function  of  the  distance  travelled  (fig  17). 


Another  advantage  of  the  graphs  that  are  plotted  versus 
distance  travelled  is  that  they  allow  comparision  of  different 
projectiles  Independent  of  the  synchronization  of  the  time  base. 
Variations  in  the  starting  time  of  data  reduction  are  cancelled  out 
when  graphs  are  plotted  versus  the  distance  travelled. 

The  axial  acceleration  versus  time  is  shown  in  figure 
18.  The  oscillations  which  begin  at  5  milliseconds  occur  as  the 
torsional  impulse  develops  (fig  16). 

The  effect  of  free  run  and  the  torsional  impulse  which  is 
associated  with  the  start  of  the  rotational  motion  of  the  projec¬ 
tile,  can  be  pictured  by  comparing  simultaneous  values  of  tan¬ 
gential  and  axial  velocities.  A  plot  of  these  two  variables  is 
shown  in  figure  19.  It  is  obvious  from  the  graph  that  the  projec¬ 
tile  is  delayed  in  starting  its  rotation  while  at  the  same  time  it 
is  building  up  axial  velocity,  reaching  more  than  30  meters  per 
second  (100  feet  per  second)  before  rotation  begins.  When  the 
rotating  band  finally  takes  hold,  the  tangential  acceleration  is 
very  high,  causing  the  velocity  to  overshoot  the  theoretical 
value.  Finally,  the  ratio  of  the  two  velocities  reaches  the  theo¬ 
retical  figure  just  before  the  end  of  useful  signal  transmission. 

Test  results  of  the  8-inch  test  projectile  are  summarized 
in  table  1. 
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Table  i.  Tor  a  iota  1  inpulse  testing  of  8-inch  KilOEl  cannon 
with  cut-back  hand 

Cun  Tubes  Tested 

Land  wear 


(diaaeter) 

Groove  wear 

No.  of 

Gun  tubes  SN  sac 

(in.) 

f  (In.) 

rounds 

New  XM201  28 

600 

Hid-llfe  N201  8268  1.52 

(0.060) 

0.15  (0.006) 

882 

Worn  RH201  23  2.56 

(0.101) 

1.62  (0.056) 

1662 

Test  Result 

Conditions 

hew 

Hld-Ufe 

Worn 

2 

Acceleration  pulse,  rad/sec 

at  w»tor 

70,000 

100,000 

165,000 

st  collector 

100,000 

145,000 

215,0000 

Tt-rwel  at  pulse,  mm  (in.) 

35.6  (1.6) 

53.3  (2.1)  81 

.3  (3.2) 

Setback  at  pulse,  g's 

2100 

3000 

4200 

Mots:  Ail  tests  were  conducted  with  *ouo  9 
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155-mm  Projectiles 

A  series  of  tests  were  conducted  in  a  modified  M549  pro¬ 
jectile  to  quantify  the  torsional  impulse  in  the  155-mra  family  of 
projectiles.  Accelerometers  were  installed  both  at  the  front  and 
rear  as  shown  in  figure  20.  Again,  the  weight  was  distributed  to 
match  the  conventional  round.  In  this  case  a  completely  new  for¬ 
ward  body  was  designed  to  accommodate  the  forward  accelerometers  in 
the  collector  cup  rather  than  to  rework  the  conventional  warhead 
section  as  was  done  in  the  8-inch.  Twelve  projectiles  were  fired 
at  Yuma  Proving  Grounds  in  August  1978. 

The  propelling  charge  was  the  proof  (PXR  6255)  charge. 
Three  XM199  tubes  were  used  to  provide  tests  under  new,  used  and 
worn  conditions.  Tube  no.  27682  represented  the  new  tube;  no.  75 
after  1065  rounds,  the  used  or  mid  life  tube;  and  no.  83  after  2322 
rounds,  the  worn  tube.  The  worn  tube  was  chrome-plated  while  the 
other  two  were  steel  tubes.  In  all  tests  the  rotating  bands  were 
of  the  standard  M549  design.  Contrary  to  the  situation  in  the  8- 
inch  system,  after  ramming,  the  rotating  band  of  the  M549  overlaps 
the  origin  of  rifling  in  the  forcing  cone.  Therefore,  theoretical¬ 
ly  in  a  new  tube  there  is  no  free  run  in  the  usual  sense.  Actually 
there  is  an  effective  free  run,  albeit  small,  because  the  rotating 
band  must  undergo  a  finite  amount  of  engraving  before  rotation  can 
start.  This  fact  is  indicated  by  the  test  results. 

Analysis  of  these  tests  indicated  several  significant 
results,  some  of  which  are  the  same  as  the  8-inch  case: 

1.  The  amplitude  of  the  angular  acceleration  pulse  was 
greater  In  tubes  with  more  wear. 

2.  The  acceleration  pulse  was  higher  at  the  front  than 
at  the  rear  of  the  projectile. 

3.  The  magnitude  of  the  pulse  in  a  worn  tube  was  ap¬ 
proximately  the  same  as  the  predicted  angular  acceleration  at  peak 
pressure,  not  higher  as  in  the  case  of  the  8-inch  projectile. 

It  was  also  evident  that  the  155-mm  results  showed  appre¬ 
ciably  more  noise  and  unconsistency  in  the  signals.  In  some  cases 
an  analytical  technique  was  used  to  compensate  for  these  effects 
and  obtain  meaningful  information  from  otherwise  inconsistent  data. 

A  scheme  for  correcting  the  inconsistency  due  to  the  ef¬ 
fect  of  cross  axis  sensitivity  of  the  accelerometers  was  particu¬ 
larly  useful. 
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An  example  of  the  results  of  this  testing  is  shown  In 
tlgure  21,  This  case  represents  the  most  severe  result  In  this 
series.  It  should  be  emphasised  here  that  the  gun  tube  In  this 
test  was  a  badly  worn  chrome-plated  tube.  This  condition  Is  one  of 
the  most  severe  and  is  discussed  In  depth  In  this  report*  The  peak 
ratio  In  figure  21  is  0.54  compared  to  0.157  for  perfect  en¬ 
graving.  Therefore,  there  is  an  amplification  factor  of  0.54  * 
0.157  ■  3.40  which  means  that  the  angular  acceleration  (and  the 
corresponding  torque  in  any  joint  in  the  projectile)  is  3.4  times 
the  expected  value  under  normal  acceleration  of  the  body.  This 
also  means  that  the  required  coefficient  of  friction  in  a  threaded 
joint  must  be  3.4  times  the  normal  expected  value.  Hence,  it  is 
apparent  that  threaded  joints,  especially  those  positioned  aft  of 
the  warhead  section,  are  a  potential  problem  when  severe  torsional 
impulse  is  present. 


The  graph  in  figure  22  shows  the  same  plot  with  time  as 
the  independent  variable.  It  is  evident  once  more  that  the  oscil¬ 
lations  seen  initially  are  not  significant  in  this  investigation 
since  they  occur  before  the  projectile  has  moved  an  appreciable 
distance  (5  mm  (0.2  in.))  well  before  the  torsional  peak  which 
occurs  at  40  nan  (1.56  in.). 


Figures  21  and  22  are  based  on  the  average  of  the  two 
tangential  acelerometers  in  the  motor  body.  Graphs  of  the  indi¬ 
vidual  accelerometers  are  given  in  figures  23  through  26  plotted 
against  time.  Tangential  accelerometers  at  the  motor  body  are 
shown  in  figures  23  and  24.  The  axial  accelerometer  is  pictured  In 
figure  25.  One  of  the  tangential  accelerometers  in  the  collector 
cup  Is  shown  in  figure  26.  The  other  tangential  accelerometer 
channel  failed  in  this  test.  The  amplification  of  the  torsional 
impulse  at  the  front  of  the  body  is  evident  by  comparing  figure  26 
with  the  motor  body  sensors. 

Another  significant  factor  is  that  as  the  projectile  moves 
into  the  rifling,  the  ratio  of  the  average  tangential  acceleration 
to  the  axial  acceleration  approaches  the  theoretical  asymptote  at 
0.157  (fig.  21).  This  tends  to  confirm  the  validity  of  the  test 
data  because,  theoretically,  a  fully  engraved  rotating  band  should 
produce  this  result.  Furthermore,  inspection  of  figures  23  and  24 
shows  that  each  graph  is  of  the  same  nominal  magnitude  and  hence 
the  average  is  a  true  average,  not  distorted  by  the  combination  of 
individual  higher-than-normal  and  lower-than-norraal  signals.  An¬ 
other  test  for  the  consistency  of  these  data  can  be  made  by  calcu¬ 
lating  and  plotting  the  average  difference  in  the  two  signals. 
This  calculation  gives  the  net  lateral  acceleration  of  the  projec¬ 
tile.  A  sustained  signal  level  for  a  long  period  of  time  is  not 
feasible  since  this  would  imply  excessive  lateral  motion.  The 
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lateral  travel  is  limited  by  the  clearance  between  the  projectile 
and  the  gun  tube.  Examination  of  figure  27  shows  a  graph  which  is 
predominantly  oscillatory  at  about  2.5  kHz.  This  feature  is  ac¬ 
ceptable  and  indicates  a  lateral  oscillation  or  vibration  in  the 
tube. 


An  example  of  an  undersirable  curve  is  one  which  has  a 
decided  trend  in  the  positive  direction  to  such  an  extent  that  a 
fallacy  in  the  data  must  be  assumed  (fig.  28).  Results  of  this 
type  cast  doubts  on  three  out  of  four  tests  in  some  cases.  Anal¬ 
ysis  of  the  effect  of  cross-axis  sensitivity  on  these  experiments 
resulted  in  development  of  a  factor  which  corrected  two  out  of  the 
three  cases.  This  factor,  which  is  based  on  a  linear  model  of  the 
errors,  was  used  in  compiling  the  averaged  results  of  the  tests. 

The  effect  of  free  run  and  the  associated  start  of  the 
rotational  motion  can  be  pictured  by  comparison  of  simultaneous 
values  of  tangential  and  axial  velocities  as  was  done  earlier  for 
the  8-inch  projectile.  A  plot  of  these  two  variable  is  shown  in 
figure  29.  It  is  obvious  that  the  projectile  is  delayed  in  start¬ 
ing  its  rotation  while  at  the  same  time  it  is  building  up  axial 
velocity,  reaching  more  than  30  meters  per  second  (100  feet  per 
second)  before  rotation  begins.  When  the  rotating  band  finally 
takes  hold,  the  angular  acceleration  is  very  high,  causing  the 
velocity  to  rise  sharply  and  approach  the  theoretical  steady  state 
value.  In  the  graph  shown,  a  2%  cross-axis  sensitivity  would  ac¬ 
count  for  the  difference  between  the  curve  and  the  theoretical 
asymptote,  a  reasonable  figure  to  expect  in  these  tests. 

The  results  of  the  155-mm  projectile  tests  are  summarized 
in  Table  2. 

Effect  of  Gun  Tube  Wear 

The  tabulated  results  for  both  the  8-inch  and  155-mm  projec¬ 
tiles  (tables  1  and  2)  show  that  the  torsional  impulse  increases 
with  wear  in  the  tube.  To  portray  the  geometrical  picture,  a  se¬ 
ries  of  layouts  were  made  of  the  rifling  in  the  gun  tube  as  related 
to  the  profile  of  the  rotating  band  at  various  positions  of  tra¬ 
vel.  The  profiles  of  the  gun  tube  were  drawn  with  use  of  the  star- 
gage  measurements.  An  exaggerated  scale  for  the  wear  patterns  was 
used  for  plotting  these  profiles.  Examples  of  these  plots  for  the 
8-inch  XM201  tubes  and  the  155-mra  XM199  tubes  are  shown  in  figures 
30  and  31.  The  silhouettes  of  the  rotating  band  and  obturator  were 
also  drawn  to  the  same  scale  (fig.  32). 
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Table  2.  Yofticnal  twpulsc  coating  of  155-sw,  M198 
howitzer,  proof  (MS)  6255  charge 


Gun  Tubes  Tested 

Gun  tubes 

SN 

Land  wear 
(disaster) 
n  (in. ) 

Groove  wear 
ww  (in. ) 

No.  of 
rounds 

New  M199 

27682 

6 

Mid- life  SS199E 

75 

1.40 

0.055 

0.25  0.0)0 

1065 

Worn  XMI99 

83 

1.76 

0.070 

0.05  0.002 

2322 

Results  averaged 

Conditions 

Mew 

Hid- life 

Worn 

Acceleration  pulse 

,  rad/sec 

at  Motor  body 

Swell * 

100,000* 

260,000 

at  collector  cup 

Swell* 

130,000 

290,000* 

Travel  at  pulse,  ws  (In.) 

7.6  (0.3) 

30.5  (1.3) 

38.0  (l.S) 

Setback  at  pulse, 

»'» 

2,000 

3.000 

4,200 

Peak  breech  press. 

ttfi  (kpet) 

412  09.8) 

419  (60.8) 

431  (62.5) 

*~Aa  iwpuite'is  indicated  but  remits  preclude  quant  if teat ion 
♦  ftasult  of  a  single  wrasursweat 
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With  the  aid  of  transparencies,  the  silhouette  of  the  band 
area  can  be  superimposed  on  the  layout  of  the  gun  tube  rifling  to 
illustrate  the  degree  of  engraving  as  a  function  of  the  travel  of 
the  projectile.  The  overlap  of  the  rotating  band  profile  into  the 
grooves  of  the  rifling  is  an  indication  of  the  amount  of  band  mate¬ 
rial  which  has  been  swaged  or  engraved  as  the  projectile  acceler¬ 
ates.  Although  consideration  is  not  given  to  actual  deflections 
such  as  the  elastic  deformations  which  occur  under  actual  gun  load 
conditions,  it  seems  accurate  enough  to  develop  a  qualitative  cor¬ 
relation  between  the  engraving  process  and  the  torsional  peak  which 
occurs  in  a  gun  tube  with  free  run.  Several  cases  illustrating 

this  technique  are  shown  in  figures  33  and  34. 

The  tests  of  the  8-inch  projectile  are  summarized  in  table 

1.  Listed  in  the  table  is  the  travel  at  the  point  where  the  accel¬ 

eration  pulse  occurs  in  each  tube.  With  this  information  and  the 
wear  profiles  of  the  tubes,  the  overlap  of  the  rotating  band  can  be 
shown  when  the  torsional  pulse  occurs  in  each  case  (fig.  33).  It 
is  apparent  that  the  overlap,  or  engagement,  of  the  band  in  the 

rifling  is  least  for  tube  no.  28  which  has  the  least  wear.  This 

case  also  requires  the  smallest  torsional  pulse  to  start  the  pro¬ 
jectile  in  motion,  a  fact  that  is  compatible  with  the  small  over¬ 
lap.  In  tube  no.  8268  (in  the  intermediate  wear  condition),  the 
overlap  or  engraving  is  greater  and  so  is  the  torsional  pulse. 

Here  again,  the  degree  of  overlap  is  compatible  with  the  torque 
requirement.  Finally,  the  overlap  in  tube  no.  23  shows  the  great¬ 
est  of  all  three  cases.  The  torsional  peak  is  greatest  and  again 
the  consistency,  although  qualitative,  is  confirmed  (table  1). 

The  tests  of  the  155-mm  projectile  are  summarized  in  table 

2.  The  magnitude  of  the  average  travel  condition  in  each  case  is 
specified.  Overlap  layouts  were  made  as  before  (fig.  34).  Here  it 
is  especially  apparent  that  in  the  new  tube  the  free  run  is  small 
and  the  torsional  pulse  for  all  intents  and  purposes  is  not  pre¬ 
sent.  Table  2  shows  a  small  pulse  at  a  travel  of  7.6  mm  (0.3  in.) 
It  is  apparent  from  the  figure  that  the  overlap  is  minimal  for  this 
case.  In  tube  no.  75,  the  mid-life  tube,  the  torsional  pulse  is 
greater  and  so  is  the  overlap.  Hence,  the  overlap  layout  confirms 
the  geometric  engagement  which  is  necessary  to  produce  the  torque 
for  acceleration  of  the  projectile.  Finally  in  the  tube  no.  83,  a 
badly  worn  specimen,  the  greatest  overlap  is  illustrated.  This 
case  also  exhibits  the  greatest  torsional  pulse  and  the  consistency 
of  band  overlap  versus  torque  requirement  is  maintained.  It  should 
be  pointed  out  that  the  proof  charge  (PXR  6255)  provides  an  over¬ 
test  condition  as  illustrated  by  the  high  breech  pressures  recorded 
in  table  2. 
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Comparison  of  results  from  teats  made  on  tube  no.  83  by 
ARRADCOM  in  August  1978  and  tests  made  by  Sandia  Laboratories— 
Livermore  in  March  1979  indicated  that  Sandia  experienced  greater 
torsional  peaks  due  to  free  run  (table  3,  reference  5).  Of  par¬ 
ticular  significance  is  the  additional  number  of  rounds  fired  and 
the  associated  wear  of  the  tube  between  the  time  of  the  ARRADCOM 
tests  and  the  Sandia  tests.  Overlap  layouts  were  made  to  illus¬ 
trate  the  geometric  relationships  for  the  two  cases.  Evidently  the 
additional  wear  at  the  rifling  in  the  Sandia  tests  did  not  extend 
rearward  into  the  forcing  cone  because  both  ARRADCOM  test  round 
2319  and  Sandia  test  round  FG  129  were  rammed  to  the  same  depth  (40 
1/2  in.).  The  travel  reached  by  each  projectile  at  the  point  where 
the  torsional  impulse  occured  was  different,  however.  Furthermore, 
the  peak  pulse  was  25%  greater  in  the  Sandia  test.  Both  of  these 
factors  are  compatible  with  the  stargage  wear  measurements  of  the 
tube. 


The  overlap  layouts  Ln  figure  35  again  provide  an  interesting 
insight  into  the  geometric  engagement  of  the  rotating  band  in  the 
rifling.  As  shown  in  the  figure,  the  results  confirm  the  fact  that 
the  magnitude  of  the  acceleration  pulse  requires  a  comparable  over¬ 
lap  area  that  is,  a  comparable  amount  of  engraving  or  swaging  be¬ 
fore  the  torque-producing  capability  is  reached  at  the  rotating 
band.  When  this  condition  is  met,  the  torque  builds  up  suddenly 
and  the  projectile  is  given  a  very  large  angular  acceleration. 
Finally,  as  the  band  enters  into  its  fully  engaged  position,  the 
projectile  is  brought  up  to  its  normal  rotational  speed  which  is 
proportional  to  linear  speed. 

Significant  positions  of  travel  for  each  projectile  are  illus¬ 
trated  in  figure  35.  Positions  after  ramming  are  shown  as  well  as 
the  wear  profiles  of  tube  no.  83  after  2322  rounds  (ARRADCOM)  and 
2670  rounds  (Sandia).  Also  depicted  is  the  overlap  positon  when 
the  torsional  pulse  occurred  in  ARRADCOM  round  no  2319  which  had 
traveled  39-mm  (1.5  in.)  and  attained  a  velocity  of  46  m/sec  (150 
ft/sec).  Shown  here  in  cross  section  is  the  amount  of  band  materi¬ 
al  which  has  been  engraved.  Round  no.  FG  129  in  the  SLL  test  is 
shown  at  the  same  position  of  travel.  The  amount  of  band  material 
is  much  less  in  this  case  and  this  condition  implies  that  severe 
scarring  and  slippage  of  the  band  are  occurring  at  this  point.  The 
SLL  band  does  not  take  hold  until  additional  travel  occurs.  After 
the  band  moves  51-mm  (2.0  in.),  its  torsional  strength  is  suffi¬ 
cient  to  supply  the  demand  and  a  sizable  torsional  pulse  occurs. 
Table  3  shows  that  this  added  motion  in  the  SLL  tests  was  accompa¬ 
nied  by  an  increase  in  velocity  to  59  m/sec  (195  ft/sec)  before  the 
rotating  band  took  hold,  thereby  creating  a  more  severe  impulsive 
condition.  This  condition  resulted  in  a  torsional  impulse  having 
1.25  times  the  peak  magnitude  of  the  ARRADCOM  test  round. 
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Table  3.  Torsional  iapulse  «.«?«».  Ing  —  comparison 
of  A3RADC0H  and  SLl-  testa  in  tub#  No.  83 


ARRADCOH 


Te#t  round  no.  2319 

2320 

2321 

2322 


Test  conditions 


No.  rounds  at  stargage  2322 

Average  torsional  pulse,  rad/*ec2  260,000 

Travel  *t  pulse,  nm  (in.)  38.0  (1*50) 

Average  axial  velocity  at  pulse, 

•/sec  (ft/sec)  46  (150) 

Average  aaxleua  axial  acceleration 

g'a  (6,000 


•Calculated  from  filtered  data* 


SLL 

PG  129 
FG  131 


2670 
320,000 
53.3  (2.1) 

59  (195) 

12,200 


The  wear  pattern  in  tube  no.  83  illustrates  a  tube  condition 
which  is  no  longer  acceptable  for  tactical  use  because  of  the  high 
torsional  impulse  and  also  the  fact  that  the  band  was  stripped  away 
in  the  SLL  tests. 


CONCLUSIONS 

As  a  result  of  the  analytical  study,  it  is  evident  that  in  an 
8-inch  projectile  a  threaded  joint  which  transmits  the  torque 
necessary  to  accelerate  a  heavy  warhead  can  be  marginal  when  a 
combination  of  factors  is  present.  These  factors  are  a  worn  tube 
and/or  a  rotating  band  design  which  allows  free  run,  an 
unsatisfactory  finish  on  the  mating  parts  and  the  presence  of  a 
fluid  contaminant  which  can  degrade  the  coefficient  of  friction. 

The  experimental  study  confirmed  the  order-of-magnitude  of  the 
peak  torque  predicted  by  the  computer  analysis  for  a  free  run  of 
25-mm  (1  in.).  For  a  small  free  run  which  is  estimated  as  2.3-mm 
(0.09  in.)  based  on  the  drawings,  the  computer  analysis  underesti¬ 
mates  the  peak  torque  by  about  50%.  When  the  actual  free  run  is 
used  as  computer  input,  the  peak  torque  prediction  is  within  +20%. 

The  experimental  results  indicated  several  significant  fac¬ 
tors: 


1.  The  amplitude  of  the  angular  acceleration  pulse  due  to 
free  run  was  greater  in  tubes  with  more  wear.. 

2.  The  acceleration  pulse  was  higher  at  the  nose  than  at  the 
rear  of  the  projectile. 

3.  The  magnitude  of  the  acceleration  pulse  in  worn  tubes  was 
as  great  as  and  in  some  cases  (8-inch  XM650)  greater  than  the  pre¬ 
dicted  angular  acceleration  at  peak  pressure. 

Worn  chrome-plated  tubes  seemed  to  introduce  a  more  severe 
torsional  impulse  due  to  free  run  than  steel  tubes  having  the  same 
maximum  wear  dimensions.  This  is  due  to  the  wear  distribution  in 
chrorao  tubes  which  occurs  during  the  first  few  inches  of  rifling 
and  suddenly  falls  off  to  no  wear  at  all. 

The  point  at  which  the  peak  torque  occurs  seems  to  correlate 
with  the  position  during  travel  where  the  amount  of  rotating  band 
material  which  was  engraved  is  commensurate  with  the  torque  which 
is  needed  to  bring  the  projectile  "on  the  line"  in  rotation. 
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RECOMMENDATIONS 


It  is  recommended  that  a  study  be  made  and  a  compilation  pre¬ 
pared  of  the  wear  profiles  and  dimensions  of  gun  tubes  used  (or 
which  may  be  used)  in  experimental  tests  of  the  type  described  in 
this  report*  This  information  could  be  correlated  with  the  tor¬ 
sional  impulse  test  data*  Through  this  procedure*  a  data  bank  of 
cause-and-effect  Information  could  be  assembled  and  a  rational 
basis  developed  to  predict  torsional  Impulse  levels  as  a  function 
of  the  condition  of  the  worn  gun  tube. 
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